The volumetric elastic modulus, E, is an important biomechanical parameter that is used in establishing the water relations of plant and fungal cells and is used to characterize the mechanical behavior of their cell walls. The magnitude of E for cells in plant tissue can be determined by severa1 methods, a11 of which are constructed to use some form of the equation first introduced by Broyer (1952):
The volumetric elastic modulus, E, is an important biomechanical parameter that is used in establishing the water relations of plant and fungal cells and is used to characterize the mechanical behavior of their cell walls. The magnitude of E for cells in plant tissue can be determined by severa1 methods, a11 of which are constructed to use some form of the equation first introduced by Broyer (1952) :
where V is the cell volume and P is the turgor pressure.
(Broyer used the term "coefficient of enlargement"; the term "elastic modulus" was introduced by Philip [1958] .) For example, one method frequently used to determine E for single plant and fungal cells uses the cell pressure probe to change P and then to measure AP and AV; Equation 1 is used to determine the magnitude of E after the cell volume is estimated (Hiisken et al., 1978) . This method yields estimates of the "instantaneous" volumetric elastic modulus (einst) for the impaled cell (Zimmermann and 1980). In general, einst is found to increase with P . einst is the best estimate of the volumetric elastic modulus currently available for the interpretation of pressure relaxation experiments on single, nongrowing cells Zimmermann, 1989) . But when changes in water content and turgor pressure of a plant tissue or organ are modeled, it may be better to consider an average equilibrium or "stationary" volumetric elastic modulus, (Tyerman, 1982; Tyree and Jarvis, 1982; Palta et al., 1987) . A number of considerations suggest that einst will overestimate Consider a homogeneous, isotropic plant tissue. When this tissue takes up (or loses) water and expands (or contracts) to a new equilibrium state, each cell can be regarded as having expanded (or contracted) its own cell wall but not necessarily those of its neighbors. Estimates of AP for the cells, and AV and V for the symplast, will then yield values of for the tissue (Eq. 1). In contrast, when qnst is determined with the pressure probe, then, if we assume the cell walls adhere to each other, the impaled cell must expand or contract not only its own cell wall but also those of its immediate neighbors. This factor alone suggests that, for a homogeneous tissue, einst could be twice eStat. In practice, slippage of adjacent cell walls and the presence of intercellular air spaces may reduce this difference. However, two additional factors could produce a larger difference. First, since the neighboring cells are themselves pressurized, additional pressure will be required to expand the impaled cell by a given amount, so further increasing the value of einst relative to (Eq. 1). Second, even when the impaled cell is not constrained by neighboring cells, relaxation of cell wall stress due to viscoelastic properties can mean that einst is larger than estat (Kamiya et al., 1963; Vinters et al., 1977; Zimmermann and Hiisken, 1980) . These considerations suggest that, at least for a homogeneous, isotropic tissue, could be more than twice
This conclusion might not always apply to plant organs or to heterogeneous, anisotropic tissues, especially if the presence of rigid structures can increase the value of (Tyree and Jarvis, 1982; Palta et al., 1987; Murphy and Smith, 1994) . But whatever the precise relationship between einst and eStat, for higher plants, there is Plant Physiol. Vol. 107, 1995 reason to believe that it will be more complex than the analysis of Tyree (1981) would suggest.
Thus, as argued by Tyerman (1982) , Tyree and Jarvis (1982) , and Palta et al. (1987) , when the water relations of a plant organ or tissue are modeled, it may be better to consider eStat for the tissue or organ rather than instantaneous values for its individual cells. A widely used method for obtaining weighted average values for eStat is the analysis of water potential isotherms derived from pressure chamber measurements (Tyree and Hammel, 1972; Tyree, 1981; Richter, 1981,1982; Tyree and Jarvis, 1982; Sinclair and Venables, 1983; Schulte and Hinckley, 1985; Turner, 1988) . Such studies have suggested that eStat increases with P , similarly to the behavior of einst . Ignoring this pressure dependence can lead to erroneous conclusions regarding elastic and osmotic adjustment during water stress (Saliendra and Meinzer, 1991) and errors in models of water transport. Hence, it is important to know the relationship between and P. However, because P is not measured directly by the pressure chamber method, but must be inferred, the form of ( P ) has been difficult to determine. Schulte and Hinckley (1985) found that a variety of functions for eStat ( P ) were consistent with water potential isotherms derived from pressure chamber measurements. These included both linear and nonlinear functions, either with or without a nonzero value for estat at P = O. The problem of accurately determining eStat ( P ) is compounded by the common practice of ignoring xylem sap osmotic pressure, which can lead to significant overestimates of turgor pressure in some species, especially at low water potentials (Boyer, 1967; Smith and Lüttge, 1985; Hardegree, 1989; Murphy and Smith, 1994) . Furthermore, recent evidence suggests that the water content of the apoplast can change as the tissue is dehydrated or rehydrated (Andersen et al., 1991; Kubiske and Abrams, 1991; Cochard et al., 1992; Urban et al., 1993) . This invalidates one of the assumptions in the analysis of water potential isotherms (Tyree and Hammel, 1972; Tyree and Jarvis, 1982) , although in some cases the apoplastic water content will be negligible (Murphy and Smith, 1994) . Rehydration can also affect other water relations parameters (Evans et al., 1990) . Nonideality of the cell sap and negative cell pressures at low water contents could also lead to errors in the determination of eStat (P), although these errors are probably small (Tyree, 1981) . Potentially, additional errors could arise from changes in cell solute content resulting from respiration and/or hydrolysis of starch (Livingston et al., 1992) . Turner (1988) and Murphy and Smith (1994) reviewed and discussed some other sources of error in the determination of balance pressures and turgor pressures with the pressure chamber.
Recently, Ortega (1993) proposed a new in vivo pressure probe method for determining an average quasi-stationary volumetric elastic modulus for nongrowing tissue. In brief, the living tissue is dehydrated in air (via transpiration), and the concurrent decline in turgor pressure is measured with the pressure probe. As described in detail below, this yields an "average" volumetric elastic modulus (E,,, -
E&)
defined by the following relationship:
where W is íLhe symplasmic water mass of the probed tissue. This is similar to the definition used by Tjrree (1981) , except that here P,,, is an arithmetic average of the cell turgor pressures for that population of cells arnenable to pressure probe measurements rather than a water massweighted average for a11 of the cells of an orgar . Provided P, , , . is always close to an equilibrium or steady-state value, cave should approximate
In the present stutly we have used this method to determine E,,#)
The advantage of this method is that P is not inferred but is measured directly with the pressure probe. Hence, most of the problems associated with the analysis oF water potential isotherms are avoided. But, in contrast to the typical pressure probe method, changes in cell volume ,ire brought about by a gradual dehydration of the tissue by transpiration rather than the "instantaneous" injection/.vvithdrawal of cell sap. In this sense the method is analogous to the pressure charnber technique and, therefore, yields average values for a (quasi-)stationary E. Since the total tissue water mass is measured during dehydration, a correction for the symplasmic water content of the probed tissue is still required. This correction will include an estimate of apoplastic water content, which may decrease as the tissue is dehydrated. 13ut if measurements are confined to the region of positive turgor pressures (i.e. relatively low xylem tensions), significant changes in apoplastic water content are less likely than in the pressure chamber technique. In any event, this correction was a minor considera tion in the present study (see below).
TH EORETICAL BACKG ROU N D Governing Equation
Previously, a pressure probe method was d-veloped to measure transpiration rates of single, nongrowing plant and funga1 cells (Ortega et al., 1988) . This rnethod was demonstrated on nongrowing sporangiophorts of Phycomyces (stage 111). The method was developed to use the following relationship between the turgor pressure decay rate (dP/dt) and the relative transpiration rate, i' (Ortega et al., 1988) :
where T = -(l/V)dV/dt = -(1/W)dW/dt, since the density of water is constant. The "augmented growtP equations" provide the theoretical foundation for Equation 3 (Ortega, 1985 (Ortega, , 1990 (Ortega, , 1993 Ortega et al., 1988) . This "prtwure relaxation" method requires that the turgor pressure decay (because of transpiration) is measured with the pressure probe after the cell is removed from its water source. Then, Equation 3 is used to determine the relative transpiration rate, provided that the magnitude of E is known, i.e. measured independently with the pressure probe method that uses Equation 1. A comparison of values of (obtairied with this pressure relaxation method) with those oblained by a "pressure clamp" (which does not use E; Ortega, 1993) indicates that Equation 3 can provide accurate estimates of E when T is known a priori (i.e. measured independently).
In fact, for single-celled sporangiophores, the results indicate that the values of E obtained with the method using Equation 3 are more accurate and have less scatter than those obtained with the method using Equation 1 (Ortega, 1993) . Thus, the method to measure an average volumetric elastic modulus for cells of a plant tissue (that uses the following equation) was proposed (Ortega, 1993) : (4) where (dP/dt),,, is the average turgor pressure decay rate of the cells in the plant tissue (subsequent to the remova1 of the water source) and T is the relative transpiration rate of the plant tissue.
Turgor Pressure Decay Behavior
In general, the expected turgor pressure behavior can be determined using Equation 4 in a slightly rearranged form, explicitly noting that E is a function of P, E(P):
-dP/dt = TE(P).
(5)
It should also be noted that the subscripts indicating "average" are omitted in this equation (Eq. 5) and subsequent equations, even though average values are implied. Thus, always refers to the average quasi-stationary E, as defined by Equation 2.
Previously, it was suggested that for many plant cells, E(P) can be approximated by the following exponential relationship (Ortega et al., 1988; Ortega, 1990 Ortega, , 1993 :
where E , is the value of E when P is large (as P + co), E,, is the value when P = O, and k is a rate constant. Using Equation 6 to describe E(P), the following equation can be used to describe the turgor pressure decay:
For the purposes of illustration, we will assume for the moment that is constant (this assumption will be relaxed later). Then Equation 7 may be integrated to obtain P(t):
where Pi is the initial turgor pressure and value of E:
is the initial
Although Equation 8 has the advantage of describing the turgor pressure decay over the entire range of E(P) [assuming Eq. 6 approximates E(P)I, some features of the turgor pressure decay are not immediately obvious. Fortunately, simpler equations, more easily interpreted, can be obtained to describe the pressure decay rate. Note that the exponentia1 relationship for EV), Equation 6 , has the property that, at large magnitudes of P, E approaches a constant value, E,, and that, at small magnitudes of P, E increases linearly with P. Thus, at small magnitudes of P ( P < l/k), E(P) can also be approximated by a simple equation of a line (Ortega et al., 1988) :
where the slope of the " E versus P" line is given by
(11)
It follows that the turgor pressure behavior can be estimated over high and low ranges of P with simple equations. In the high range of P, Equation 12 can be used to represent the turgor pressure decay rate (Ortega et al., 1988) :
Assuming T is constant, the solution to Equation 12 describes a linear decay of turgor pressure (Ortega et al., 1988) :
In the low range of P, Equation 14 can be used to approximate the turgor pressure decay rate (Ortega et al., 1988) :
and the solution to Equation 14 (again assuming T is constant) describes an exponential decay of turgor pressure (Ortega et al., 1988) :
It is apparent that, in general, a linear decay in turgor pressure is expected in the high range of P (when E -+ EJ, and an exponential decay in turgor pressure is expected at low values of P.
MATERIALS A N D METHODS

Seeds of Pisum sativum L. cv Alaska (Rocky Mountain
Seed Co., Denver, CO) were germinated in 250-cm3 pots of wet vermiculite, and the seedlings were grown for 6 to 9 d in complete darkness and high humidity. The temperature was maintained at 25 to 27°C with a water bath. A 6.5-to 9.5-cm-long stem segment (including the second internode, 3.5-5.5 cm long) was then excised with a razor blade and placed in a styrofoam holder (Fig. 1) . Measurements of the length of second internodes over a 12-to 24-h period showed that they were not growing, as expected from the work of Cosgrove (1985) . In some experiments, both cut surfaces were sealed with styrofoam caps containing petroleum jelly, and the whole assembly was then weighed on a model XE-100A balance (accuracy 20.2 mg; Denver Instrument Co., Arvada, CO). Pressure probe measurements were then started immediately. In other experiments, only the upper cut surface was sealed, and the lower surface was placed in distilled water. Turgor pressures in two or three cell files were measured approximately 2 h later, after which the lower cut surface was capped and the tissue/holder assembly weighed. In either case, following the initial weighing, the stem segment was alternately probed and weighed for up to 4.5 h. Between In the actual apparatus, the metal rod and pipette Iie in a plane perpendicular to the paper. The stem segment was held in slots cut in the styrofoam. The lower cut surface was capped after removing the water source or immediately following excision.
weighings, turgor pressures were measured in two to four cell files distributed vertically along the second internode. Following each weighing, and prior to the next set of pressure probe measurements, the stem segment was rotated about its axis by approximately 60'. See Hiisken et al. (1978) , Zimmermann (1989) , and Murphy and Smith (1994) for a description of pressure probe technique for measuring turgor pressures in higher plant tissue.
Knowing the mass of the holder and caps, we could determine the fresh mass of the stem segment as a function of time. From 10 determinations immediately following excision, water accounted for 94.6 2 0.1% of the fresh mass (mean ? SE). This value was used to convert fresh mass to water mass, which should approximate the symplasmic water mass (W) of the cortex (see below). W(t) was approximated with best fit polynomials; the degree for best fit was determined from a variance ratio test and visual inspection.
was then estimated as -( d m ) / W .
During pressure probe measurements, the tissue/holder assembly was held vertically, and the stem segment was stabilized by a metal rod (1.8 mm diameter) placed opposite the probe micropipette (Fig. 1) . The positions of the rod, probe, and tissue/holder could a11 be adjusted with three-axis micromanipulators (Line To01 Co., Allentown, PA). The oil/sap meniscus in the micropipette tip of the pressure probe was observed through a stereomicroscope (model EMZ; Meiji Labax Co. Ltd., Tokyo, Japan) at a magnification of X180. Illumination was provided by a cold light source (Scholly Fiberoptik, Denzlingen, Germany), equipped with two optical fiber light guides. Ambient temperature was 19 to 22' C, and, as determined by the wet bulb/dry bulb method, the RH was 50 to 60%.
In some experiments, P decreased to a value close to zero, and therefore, accurate measurements required a correction for the pressure differential (AP) across the oil/sap meniscus. To estimate AP, distilled water was drawn into a micropipette, and the pressure was adjusted so that the oil/water meniscus was in a position similar to t hat during a turgor pressure measurement. From seven cieterminations, AP was always less than 0.008 MPa and had a mean value -C SE of 0.0050 ? 0.0003 MPa. The latter value was subtracted from the measured pressure values, ,md the SD on AP was included in the estimated error on the parameter P, (see below).
Analyses were carried out using custom-written software or the statistics package MINITAB (Minitab Inc., State College, PA). Nonlinear models were fitted by nonlinear least squares using a variable metric algoritlim (Nash, 1979) . Mean values are given with SES and, where appropriate, the number of estimates (n) are given ir1 parentheses; i.e. mean -t SE (n).
RESULTS
A total of ' 16 experiments were conducted. The loss of water mass (W) from the tissue was nearly linear with time ( Fig. 2) . However, close inspection reveals that in 13 experiments the rate of water loss (dW/dt) decreasecl with time ( Fig. ZA) , whereas in the remaining 3 experirr.ents dW/dt increased with time (Fig. 2B) . The general characteristics of the turgor pressure decay were consistent with a linear decay at high P and a quasi-exponential decay at low P (Fig. 2) , as expected from Equations 13 and 15, respectively. New Method to Determine 10 -
In 4 experiments, P approached a plateau value, which in one case was effectively zero (Fig. 2B) , but in the remaining 3 experiments appeared to be greater than zero ( Fig. 2A) . In no case did P become negative. Note that a11 pressure data have been corrected for the estimated pressure differential across the oil/sap meniscus [0.0050 2 0.0003 (7) MPal.
To check that the decrease in pressure was due primarily to water loss via transpiration and not tissue damage, the estimated initial values of dP/dt for high values of P (0.3-0.5 MPa) were plotted against the corresponding initial values of T. As expected from Equations 4 and 12, a linear relationship was obtained, with an intercept (10.5 f 3.41 X 10-4 MPa min-') that was not significantly different from zero (data not shown). In a few cases, tissue damage was evident as a translucent zone in the stem segment. Turgor pressure values in this region were very low and were excluded from a11 analyses.
ANALYSIS General Form of E ( P )
To estimate E as a function of P, P(t) was approximated by a series of successive regression lines fitted to the pressure decay data (Fig. 2) . Then, using the slope of these lines (dP/dt) and the corresponding values of the relative transpiration rate (T), we could calculate an estimate of E from Equation 4. A plot of E versus P for a single experiment is shown in Figure 3A , and a scatter plot of the estimates from a11 16 experiments is shown in Figure 38 . As expected from Equation 6, E ( P ) showed significant curvature. However, inspection of the data in Figure 2 suggests that, at least on the time scale of these experiments, P did not generally decrease to zero but to a small positive plateau value, P,. Furthermore, E appeared to approach a very small value (effectively zero) as P -P, (Fig. 3) . Accordingly, for our data, the expression for E(P), Equation 6, needs to be slightly modified:
For sufficiently low P, this reduces to
where b = kem. The solid curves in Figure 3 are least squares fits of Equation 16, which provides a good description of the data. Because of noise and/or an insufficient pressure range, a fit of Equation 16 to individual data sets was possible in only 8 of the 16 experiments (Fig. 3A) . In this case, it is tempting to combine the estimates of E and P from different experiments and fit Equation 16 to the pooled data, as shown in Figure 3B . But this will not, in general, yield unbiased parameter estimates, and in the present study this approach led to an underestimate of k (4.6 f 1.1 MPaã'). Hence, the parameter estimates obtained from the individual data sets are to be preferred [mean values: E, = 9.6 f 1.1 MPa (8); k = 8.2 ? 1.6 (8) MPa-'; P, = 0.0084 2 0.0016
The above method of analysis proved useful for establishing the general form of e(P) and for obtaining initial parameter estimates. However, as a routine method of analysis, this method also has a number of disadvantages. First, fitting a series of regression lines is a laborious process that will generally require some computer programming (at least if successive lines are to be continuous). Second, how many regression lines to fit and over what pressure ranges are arbitrary decisions not easily made.
Fitting too few regression lines will over smooth the data, whereas fitting too many will lead to excessive noise. And, of course, the point estimates of the parameters and their SES will vary somewhat according to how the data are partitioned into regression groups. Potentially, errors on the estimates of P could also lead to bias in the parameter estimates (Draper and Smith, 1981) , although it should be noted that the errors on P are less than suggested by the horizontal bars in Figure 3A , which indicate the total pressure range for each regression line. Having established that Equation 16 provides a reasonable approximation to E(P) (Fig. 3) , a simpler and more accurate method for obtaining parameter estimates is to fit Plant Physiol. Vol. 107, 1995 the appropriate solutions for P(f) to the pressure decay profiles. This approach is described in the following two sections. In the final section of "Analysis," some other approximations to E(P) are considered.
E(P) Modeled as a Saturating Exponential Function; f
Modeled as a Constant
If E(P) is described by Equation 16, and is constant, the solution to Equations 4 and 5 for P(t) is still given by Equation 8, but the initial value of E is now:
Using the mean value for (see "Materials and Methods"), the parameters to be estimated when fitting Equation 8 are P , P,, k, and E , (Fig. 4) . In five experiments, a lack of data at or near the plateau region (Fig. 4C ) meant that P, could not be estimated, and therefore, P, was set to zero for these experiments. In three experiments, noise or a lack of data at high P (Fig. 4D ) meant that k and E , could not be estimated for low P was fitted. From Equations 5 and 17, the solution for low P is given by:
where b = kEcQ. Note that, if E(P) is given by Ecpation 16, fitting Equation 19 will underestimate b to some extent. The reason for this is that b is the initial slope of E(P) at P = P,, but in fitting Equation 19, only an average slope is obtained. This will be less than b, since E(P) is concave. The solid curves in Figure 4 are least squares fits of Equations 8 (Fig. 4, A-C) and 19 (Fig. 4D) . Tatlle I shows the parameter estimates obtained from the 11 pressure decay profiles where curvature was evident (in the remaining 5 experiments, noise or an insufficient pressure range precluded an analysis). Note that the mean value of b for experiments 1 to 8 [61.2 2 6.4 (8)] was largtir than for experiments 9 to 11 [40.4 C 6.0 (3)]. The latter ewperiments were fitted with the solution for low P (Eq. 191, which may underestimate b (see above). E , and l / k showed a significant positive linear correlation (Y = 0.967, P < 0.001), which suggests that these parameters are not independent. Modeling p as a constant has heuristic value (see "Theoretical Background") and, as will be shown, was generally an adequate assumption in the present study, even though T varied by up to 50% about its mean value (in nine of the experiments, the variation was less than 20%). More generally, however, it is desirable to know P as a function of W, which may then be an arbitrary function of time, W(t). For example, this might be useful in the analysis of water potential isotherms, or in models of water transport in plants. To obtain the solution P(t) for this case, we equate Equations 2 and 16 and then separate variables and integrate to get:
P(t) = (P,
where Wi is the initial symplasmic water mass and is again given by Equation 18. For sufficiently low P (ei << 
where, as before, the parameter b = ke, may be underestimated by a least squares fit. W(t) and Wi were estimated from "best-fit" polynomials (Fig. 2) . Fits of Equation 20 are also plotted in Figure 4 , A to C, but are indistinguishable from the fits of Equation 8. The least squares fit of Equation 21 in Figure 4D (dotted curve) is just distinguishable from the fit of Equation 19 (solid curve) as P + P,. The parameter estimates for the variable models (Eqs. 20 and 21) are given in Table 11 . This correction was of little consequence for most experiments (cf. Tables I and 11), although in one case (experiment 8) there was an increase in the estimated value of k and a reduction in the estimated value of E , and its SE. As before, the mean value of b for experiments 1 to 8 [62.4 ? 5.7 (8)]
was larger than that for experiments 9 to 11 [41.3 ? 6.1 (3)l. Furthermore, there was a significant positive correlation between e, and l/k, (Y = 0.911, P < 0.005), again suggesting that these two parameters are not independent.
Comparison with Other Models
It has sometimes been suggested that E(P) may be approximately linear (Hellkvist et al., 1974; Sinclair and Venables, 1983) . This relationship can be written as: (22) where is the value of E at P = P,, and b* is the slope of the E versus P line fitted over the entire pressure range (the asterisk symbol [*] is used to distinguish this slope from the parameter b = kEm, which is the initial slope of Eq. 16 at P = P,). Schulte and Hinckley (1985) derived the corresponding solution for P as a function of W, which in our notation can be written as:
is given by Equation 22 with P = Pi. Note that a nonzero value for implies a discontinuity in E(P) at P = P, and a corresponding discontinuity in the slope of P(t) at some value of W(t). The latter corresponds to the turgor loss point in water potential isotherm analysis, although in the present study, of course, P decreased to a nonzero plateau value (P,) rather than zero.
From the data in Figure 3 (compare data points and dashed lines), a linear relationship between E and P over the entire range of P seems unlikely. However, whatever the precise form of E(P), a linear approximation will always be adequate when the pressure range is sufficiently small. The solutions for low P (Eqs. 19 and 21; Fig. 4D ) are examples of this. An example for higher pressures is shown in Figure 4C ; a least squares fit of Equation 23 is plotted but www.plantphysiol.org on October 30, 2017 -Published by Downloaded from Copyright © 1995 American Society of Plant Biologists. All rights reserved. (11) 14 is indistinguishable from the fits of Equations 8 and 20. When the range of P is larger and includes a plateau pressure, the difference becomes noticeable. In such cases, setting dP,) = O (cf. Hellkvist et al. 119741 and Sinclair and Venables [19831) resulted in negative values for P, (which were never observed in our experiments) and a fit that was obviously worse than that of Equation 20. However, Equation 23 did give a reasonable fit if a discontinuity in slope was introduced at P = P,, such that E(PJ > O (Fig. 4, A and B, dashed curves). Even so, Equation 20 generally yielded a somewhat smaller mean square error than Equation 23. The mean value for the ratio of mean square errors (Eq. 20:Eq. 23) was 0.89. We note also that fitting a discontinuity in slope at P = P, will generally require computer programming, since the value of W(t) at the discontinuity should really be treated as an adjustable parameter (as was done in the present study). Hence, Equation 20 and the implied exponential approximation to E(P) (Eq. 16) are preferred. Schulte and Hinckley (1985) considered a number of other models for P(W), derived from the literature. Their Hence, these two models imply an approximately linear relationship between E and P (see figure 4 in Schulte and Hinckley, 1985) , although this is not immediately obvious from the implied expressions for E(P) (Sinclair and Venables, 1983) . Accordingly, for our data, Equations 16 and 20 are preferred. As judged from their mean square errors and by visual inspection, models "PVD and "PVF in Schulte and Hinckley (1985) gave fits that were as good as those of Equation 20. These two models imply relationships between E and P that are similar in general form to Equation 16 (see fig. 4 in Schulte and Hinckley, 1985) . However, the derived expressions for E(P) are mathematically complicated and contain a parameter ("b" or "a" in Schulte and Hinckley, 1985) that has no simple interpretation. In contrast, the parameters in Equation 16 are easy to interpret. Thus, E, is the hypothetical maximum value of E as P -+ a, and l / k is the pressure (actually the value of P -P,) at which E reaches approximately two-thirds [actually (el)/e] of its maximum value. Alternatively, one can say that the rate of change of E with P (i.e. d~/ d P )
is pro 3ortional to (E, -E), and k is the constant of proportionality.
One other model is worth mentioning because of its simplicity and the fact that a "turgor loss point" (W,) can be determined (actually W, is the symplasmic water mass at which P reaches P,). The pressure decay profiles were well described by the following relation:
where B is a constant and
Adding terms in A or A3 did not significantly improve the fits. P, could be estimated in a11 but one case, yielding a semiweighted mean value P, = 0.0164 ? 0.002.9 (10) MPa.
The semiweighted mean values of B and W, were 50.2 2 3.9 (11) MPa and 16.114 f 0.060 (11) g water/g dry mass, respectively. The implied expression for E(P) i,;:
which, over the observed pressure range, i:; similar in general form to Equation 16. For P >> P,, "e also have (Fig. 38) ; the curve is again a plot of Equation 20. ---, E(P) a linear function, with parameters derived from the dashed regression line in Figure 38 ; the curve is a plot of Equation 23. e, E(P) a constant (i), estimated as the mean value of the E estimates in Figure 38 ; the curve is a plot of the implied pressure decay, P = Pi + ;In(l -AWW,).
pressure decay profiles ( Fig. 4 ; Table 11 ). This represents the best description of the average pressure decay. The dashed curve immediately above is also a plot of Equation 20 but with parameter values obtained from a fit of Equation 16 to the pooled estimates of E and P (Fig. 3B , solid curve). The higher turgor pressures for this curve reflect the downward bias in the estimate of k when pooled data are used (see above). The other dashed curve (immediately above the dashed curve for Eq. 20) is a plot of Equation 23, which represents a linear relationship between E and P. Parameter estimates were obtained from the dashed regression line in Figure 3B . Finally, the dotted curve in Figure 5 was derived using a constant value for E, equal to the mean of the E estimates in Figure 3B . The curves in Figure 5 illustrate both the need to represent E as a concave function of P (Eq. 16 in the present study) and the pitfalls of pooling estimates of E from different experiments.
DISCUSSION
In the present paper we describe a new method for estimating an average quasi-stationary E for nongrowing cells of a plant tissue. The theoretical foundation for this method is Equation 4 (Ortega, 1993) . The use of this method has allowed us to test an empirical exponential approximation to E(P), Equation 6, proposed by Ortega et al. (1988) and Ortega (1990 Ortega ( , 1993 on the basis of the pressure dependence of cinst. A surprising result was that, in general, P did not decrease to zero or negative values but to a small positive plateau (P, -0.01 MPa), even though W continued to decay (i.e.
> O). The reason for this is unknown. But if P, is a genuine plateau pressure, then dP/dt = O when P = P,. Hence, from Equation 4, and assuming E(P) is continuous, E will approach zero as P approaches P, (Fig. 3) . With these modifications, the exponential approximation to E(P), Equation 16, gave a good fit to the plots of E versus P (Fig. 31 , and the implied solutions for P(t) (Eqs. 8 and 20) gave good fits to the pressure decay profiles (Fig. 4) .
If this type of behavior is typical of other plant tissues, one can propose a more general relationship of the form:
where E(P,), the limiting value of E as P 4 P,, may be greater than zero [this implies a discontinuity in E(P) at P = P,]. In the present study, E(P,) was not significantly different from zero, but we cannot exclude the possibility that E(P,) had a small positive value. Note also that, if different cells (or cell populations) reach their plateau pressures at different times, the average value of E(P,) for the cells may be larger than the average value of E@',) for the tissue as defined by Equation 2 (Cheung et al., 1976) . Schulte and Hinckley (1985) , citing Tyree (1981) , suggest that a positive value for E as P + O implies the development of negative cell pressures below the turgor loss point. But this is not necessarily so, and the analysis of Tyree (1981) does not imply it. In fact, in most of his simulations, Tyree (1981) used a positive value for 40) (see his fig. 3 ) but set e to zero below the turgor loss point. Accordingly, P did not decrease below zero (i.e. P, = O in Eq. 27). This type of behavior is illustrated by the dashed curves in Figure 4 , A and B (except that P, > O in that case). The physical basis for such behavior might be a transition from elastic cell wall contraction above the turgor loss point to cell wall buckling below the turgor loss point. An analogy might be the deflation of an air-filled plastic bag; once the pressure reaches ambient, removing air from the bag will not cause a further reduction in pressure, because the volume will continue to decrease via wall buckling (at least until the bag is practically empty). The plastic bag analogy will not apply if the tissue has sufficient intrinsic rigidity to resist cell wall buckling. Such rigidity might reside in the cell walls or, as suggested by Palta et al. (1987) , in rigid structures within or around the tissile (e.g. vasculature, fibers). This situation can be modeled by allowing E to take positive values below the turgor loss point; P then becomes negative (Tyree, 1981) . With regard to Equation 27, assuming it is applicable, this implies P, < O. In the present study, negative pressures were never observed, and, in fact, the pressure did not even reach zero (Fig. 4, A, B, and D) . However, small negative pressures (approximately -0.05 MPa) have been measured with the pressure probe in plucked, dehydrated sporangiophores of Phycomyces (J.K.E. Ortega, unpublished data) and in excised, dehydrated leaves of Kalanckoe (R. Murphy and J.A.C. Smith, unpublished data) . Tyree (1976) has advanced severa1 arguments against the occurrence of large negative pressures in living plant tissue.
If the values of E obtained by the present method are to be regarded as estimates of eStat, then the pressure should Plant Physiol. Vol. 107, 1995 be constant during pressure measurements. In a strict sense, this was not the case in the present study, since the pressure was continuously declining with time (Fig. 4) . However, the half-time for the pressure decay was in excess of 30 min. This is significantly longer than the pressure relaxation half-time for single pea cortical cells (approximately 1 s) determined by Cosgrove and Steudle (1981) using the method of Hiisken et al. (1978) . Thus, in the present study, it is reasonable to expect that E will approximate If necessary, constant pressures could be ensured by enclosing the tissue in a humid chamber to stop the pressure decay during pressure measurements (Cosgrove, 1985; Ortega et al., 1989) .
The estimates of E obtained here showed considerably less scatter than the instantaneous values (einst) for pea cortical cells obtained by Cosgrove and Steudle (1981) using the pressure probe method of Hüsken et al. (1978) . These authors obtained values for qnst of 0.6 to 21.5 MPa for P = 0.3 to 1.3 MPa (cf. Fig. 3 ). One reason for the higher variability of their estimates is that, from Equation 1, AP/AV will vary inversely with V: AP/AV = E~,,~JV.
This will be true even if qnst and V are positively correlated . Ideally, then, to minimize variability, each estimate of AP/AV should be multiplied by the volume of the impaled cell. In practice, it is often difficult to determine the volume of an impaled higher plant cell, embedded in tissue, and so some kind of average cell volume must generally be used (Cosgrove and Steudle [1981] used the moda1 value). But with the present method for estimating an average stationary volumetric elastic modulus (estat -E), the total symplasmic water mass (W) of the tissue is the relevant variable. Now a change in W will be associated with a change in tissue water potential, A?, which will be similar for a11 cells if water potential gradients are small. Then, from the definition of water capacity (Dainty, 1976) , it can be shown that APIAW for a cell in the tissue will be given approximately by:
where II is the cell sap osmotic pressure. For a particular tissue, and a given change in symplasmic water mass (AW), the relative variability of the right-hand side of Equation 29 is likely to be much less than that of einst/V (Eq. 28). Perhaps some improvement in the determination of V may be obtained by the method of Malone and Tomos (19901 , and this will hopefully improve the accuracy of qnst estimates. However, Zhang and Tyerman (1991) found that for cortical cells of wheat roots, the calculated cell volumes were about twice the optically determined volumes, unless the roots were subjected to anoxia or azide. Cosgrove and Steudle (1981) were not able to determine the pressure dependence of einst for cortical cells of pea. Their measurements were made on growing epicotyl segments bathed in low-osmotica media, which may account for the generally higher turgor pressures they obtained. Hence, at present, we are not able to comment on the relationship between and for growing and nongrowing cortical cells of this species. However, ij the values of E (-obtained in the present study ar? to be regarded as pertaining to the cortex, a further sniall correction is required. From Cosgrove and Steudle (1981) , and our own microscopical observations, the cortex accounts for about 90% of the stem cross-section. Now, if we consider the area occupied by cell wall solids, anc the possibility that the xylem drained following excision or remova1 of the water source, then cortical water will account for more than 90% of stem water. Furthermore, some of the water lost from the stem segment will have come from tissues other than the cortex. With these consiclerations in mind, equating Equations 2 and 16 suggests that the estimates of E, should be reduced by less than 10%; the effect on k should be much less.
One of the primary reasons for obtaining an accurate relationship for E(P) is to accurately predict the behavior of P as a function of W. At least for the second internode of pea seedlings, the pressure probe method described here has yielded 'i more accurate approximation to E(P) than Schulte and Hinckley (1985) were able to obtain using the pressure chamber technique. A linear function (Eq. 22) provided a reasonable approximation to E(P), especially when the pressure range was small, but a saturating exponential function (Eq. 16) gave a better description of the data (Figs. 3 and 4) . It remains to be seen hon applicable this equation is to other systems. It should also be noted that, although this relation applies to dehydration, it might not apply to rehydration if there is significant hysteresis in the cell pressure-volume curve (Kamiya et al., 1963; Tyerman, 1982) . Furthermore, the relation has been tested only for relative water contents greater than abou: 0.85; only further measurements can establish the behavior of E(P) at lower water contents.
